Extremely low birth weight infants are at high risk of rehospitalization in infancy, often for respiratory illnesses. Few studies have evaluated which prematurely born infants will need rehospitalization or will have persistent respiratory problems after discharge.
Extremely low birth weight (ELBW) infants are at high risk of rehospitalization in infancy, often for respiratory illnesses. [1] [2] [3] [4] [5] These rehospitalizations are accompanied by significant morbidity and sometimes mortality 4, 5 and occur at high cost to the family as well as society. 4, 6 Strategies such as the use of prophylaxis for respiratory syncytial virus infections 7 and comprehensive follow-up care 8 are designed to reduce these rehospitalizations. Few studies have evaluated models to predict which prematurely born infants will need rehospitalization or will have persistent respiratory problems after discharge from the hospital. Although infants with bronchopulmonary dysplasia (BPD) are generally at higher risk for adverse respiratory outcome, 3, 4 BPD occurs along a spectrum of severity, and a diagnosis of BPD is not sufficiently specific or sensitive to identify infants who will require rehospitalization.
We developed and evaluated scoring systems and classification and regression-tree (CART) models to identify infants at the time of NICU discharge who are at higher risk for all rehospitalization before the 18-to 22-month follow-up visit and rehospitalization that results from respiratory causes in the first year. An objective estimate of the risk of rehospitalization might help targeting interventions to infants at higher risk and might also assist in planning quality improvement initiatives.
METHODS
This study was a retrospective analysis of prospective ongoing data collection (the Generic Database) and newborn follow-up performed in the 17 participating tertiary academic centers of the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Neonatal Research Network (NRN) from 2002 to 2005. 9 Infants who weighed 401 to 1000 g at birth of both genders and all racial/ethnic groups were evaluated. The data analyzed are collected systematically, stored in a database, and used for the surveillance of the care and outcome of high-risk infants in NICUs and in planning prospective clinical trials. The identity of the patients is kept confidential. Data collection for the NRN Generic Database was approved by the institutional review boards of the participating institutions, and parental consent was obtained for follow-up visits.
A comprehensive history, physical examination, and neurodevelopmental assessment were performed by trained and certified personnel during the follow-up visit at 18-to 22-months adjusted age. 10 Rehospitalization for any cause before the 18-to 22-month follow-up visit was the primary outcome, and rehospitalization for respiratory causes before the first birthday was the secondary outcome. Rehospitalization was defined as at least 1 overnight stay in a hospital since initial discharge from the hospital or to a chronic care facility. This secondary outcome was chosen because preliminary analysis indicated that two-thirds of rehospitalizations for respiratory causes are in the first year, and respiratory illnesses account for the majority of the rehospitalizations in the first year. These outcomes were obtained from the follow-up records using the comprehensive history recorded on the data collection forms.
Variables Used for Model Development
A combination of maternal variables, neonatal variables at birth, neonatal clinical variables including respiratory support variables, and discharge environment variables were evaluated for inclusion in the models (Table 1) .
Development of Scoring Systems on the Basis of Regression Analysis
Because odds ratios (ORs) and coefficients from regression analysis are not sufficient by themselves to enable clinicians to quantitatively estimate risk, logistic regression was used to develop scoring systems using techniques as previously described. 11 The scoring systems provide a numeric value, which indicates the magnitude of risk (a higher score indicating a higher risk). Variables associated with outcome in unadjusted bivariate analyses were selected by using a backward elimination logistic regression model in which the least significant variable was removed at each step until all remaining variables were significant at a P value of Ͻ.2. Then, a best subset selection process was used to identify the 5 variables most strongly associated with outcome based on their contribution to R 2 to limit the effect of statistically significant variables that contributed little to predictive ability. These 5 variables were used to construct the final logistic regression model. The ORs from this model were converted into point totals Ͼ1 by dividing each respective OR by the smallest OR for any given level of a variable. Next, an overall score was computed for each infant by summing the points they received for each variable in the model. Continuous variables were divided into 3 categories by developing a receiver operating characteristic (ROC) curve for that variable with regard to the outcome (unadjusted for other predictors), and identifying the cutoff points for 80% sensitivity and 80% specificity. Separate models were developed for primary and secondary outcomes. ego, CA) to perform recursive partitioning and automatic selection of optimal cutoff points of variables as previously described. 11, 12 CART analysis generates a classification tree with a series of binary splits. 13, 14 When CART analysis is performed on a population with cases and controls, each binary split in a classification tree yields 2 subgroups, 1 with a higher proportion of cases and the other with a higher proportion of controls. 13, 14 These classification trees are therefore useful for classifying subjects according to the probability of being a case. The more important a variable in relation to outcome, the higher it is on the decision tree, and this facilitates the identification of the relative importance of variables.
CART Analysis

RESULTS
Patient Characteristics
From the population of 4225 ELBW infants who survived to the 18-to 22-month follow-up, 3787 infants (90%) were evaluated (mean Ϯ SD birth weight: 787 Ϯ 136 g; gestational age: 26 Ϯ 2 weeks; 48% male, 42% black). Data on rehospitalization were missing for the remaining 438 (10%) of the infants, who had a similar gender distribution but were slightly heavier and more mature (birth weight: 801 Ϯ 142 g; gestational age: 26.4 Ϯ 2 weeks; P Ͻ .05) when compared with infants with available rehospitalization data. Forty-five percent of the infants were rehospitalized by the 18-to 22-month follow-up, and 14.7% were rehospitalized for respiratory causes in the first year. Patient characteristics and unadjusted comparisons for the primary outcome are shown in Table 1 .
Rehospitalizations by the 18-to 22-Month Follow-up
The reasons for rehospitalization before the 18-to 22-month follow-up were: respiratory (45.4%), surgery (20.5%), infection (16%), growth and nutrition (4.6%), central nervous system (4.2%), apnea (1.4%), trauma (1.2%), reflux (1.1%), apparent lifethreatening event (0.4%), environmental (0.2%), and other (5.1%). The causes for rehospitalization in the first year were: respiratory (43.7%), surgery (22.9%), infection (15.2%), central nervous system (4.2%), growth and nutrition (3.9%), apnea (1.9%), reflux (1.5%), trauma (1.1%), environmental (0.1%), and other (5.1%). For the primary outcome of all rehospitalizations before the follow-up visit, the predictors were shunt surgery for hydrocephalus, hospital stay for Ͼ120 days for pulmonary reasons, necrotizing enterocolitis or spontaneous gastrointestinal perforation, higher fraction of inspired oxygen (FIO 2 ) at 36 weeks, and male gender ( Table 2 ). The scoring system had only moderate accuracy as the area under the ROC curve was 0.63. The minimum score was 5, and the maximum possible score was 10.9.
Using CART analysis (Fig 1) , infants with hospital stays Ͼ120 days for pulmonary reasons had a 66% rehospitalization rate versus 42% for those discharged before 120 days (79% if shunt surgery was done for hydrocephalus versus 41% if not). The overall misclassification rate was 0.40.
Rehospitalization in the First Year for Respiratory Causes
Using regression analysis, rehospitalization in the first year for respiratory causes was predicted by discharge on bronchodilators, hospital stay of Ͼ120 days for pulmonary reasons, more episodes of late-onset culture-negative infection treated with antibiotics Ͼ5 days, nonprivate insurance, and male gender ( Table 3 ). The area under the ROC curve was 0.63. The scoring system had a minimum score of 5 and a maximum possible score of 7.8.
By CART analysis (Fig 2) , infants mechanically ventilated for Ն22 days had a 19% respiratory rehospitalization rate (24% if FIO 2 at 36 weeks Ͼ0.25 while on intermittent mandatory ventilation/continuous positive airway pressure/oxygen hood versus 16% if FIO 2 was lower) versus 11% in those ventilated for a shorter duration. In the latter group, infants with a hospital stay of Ͼ120 days for pulmonary reasons had a 38% respiratory rehospitalization rate versus only 11% without such a stay. The overall misclassification rate was 0.42.
DISCUSSION
The scoring systems and the CART models identified infants at higher risk of rehospitalization. This information on the risk of rehospitalization might assist parents and health care providers in planning care after discharge.
Innovative aspects of this study include the development of scoring systems using regression analysis and the development of CART models. Scoring systems enable estimation of the magnitude of risk for an individual in a user-friendly manner compared with regression equations or resulting ORs from which a precise or accurate measure of risk is difficult to determine. Although the CART method for constructing the models might be complex, the resulting decision trees are simple to use and are similar to algorithms used in most clinical guidelines. CART analysis is useful at identification of optimal cutoff points in continuous variables and in ranking the variables according to order of importance, such that more important variables are ranked higher on the classification tree. This type of analysis is intuitive for clinicians who are used to following decision trees.
The scoring system using regression analysis and the CART model for over- all rehospitalization by 18 to 22 months provide complementary information and useful insight into the reasons for rehospitalization. For example, infants who were shunted for hydrocephalus were at much higher risk for rehospitalization according to both models (probably because shunt complications and need for revision are not uncommon and might lead to readmissions 15, 16 ), but the number of infants who were shunted is a relatively small fraction of all ELBW infants, and hospitalization for Ͼ120 days for pulmonary reasons, which includes many more infants, is higher on the CART model. However, the magnitude of risk caused by prolonged hospitalization for an individual infant is smaller than that associated with a shunt, as indicated both by a smaller score in the scoring system and a smaller proportion of rehospitalized infants in the CART model. 
FIGURE 1
CART model for rehospitalizations by the 18-to 22-month follow-up. In each node (rectangle), the category "0" or "1" refers to the absence or presence of rehospitalization, respectively, and the percentages and n values refer to the infants in each of the categories. tem), total days on mechanical ventilation (CART model), and male gender (scoring system and CART model) were not surprising given their known relevance as markers of in-hospital morbidity as well as vulnerability to worse outcome (eg, male gender). [17] [18] [19] [20] Evaluation of the scoring system and CART model for respiratory rehospitalization in the first year revealed that most variables were not shared. This finding might be because the selection of variables by each method is different, with a bias toward selection of continuous variables (eg, days on ventilation, FIO 2 , maternal age) that can be evaluated for a threshold by using CART analysis. Conversely, the scoring system based on logistic regression chose primarily dichotomous (yes/no) variables (eg, discharge with bronchodilators, infant in hospital Ͼ120 days for pulmonary reasons, private insurance versus other). The common theme is that indicators of increased respiratory morbidity (scoring system: discharge with bronchodilators and infant in hospital for Ͼ120 days for pulmonary reasons; CART model: total days on mechanical ventilation and FIO 2 at 36 weeks) were associated with rehospitalization for respiratory illness in the first year. It is possible that there is an element of the "selffulfilling prophecy" in this analysis, as infants with these indicators of respiratory morbidity might be subject to higher vigilance on the part of their caregiver or physicians and might be admitted to hospital more often. It is also worth noting that having had multiple episodes of late-onset culturenegative infection treated with antibiotics for Ն5 days was a risk factor by both regression and CART analyses. It is possible that these infants also had a higher risk of suspected or proven infections after discharge, which we speculate might be a result of variations in individual susceptibility or response to infections. Private insurance was associated with a lower risk of rehospitalization compared with nonprivate insurance (most often Medicaid). This finding has been observed before in a study of racial/ethnic disparities in rehospitalization of ELBW infants 21 and is considered to be a marker of relatively low socioeconomic status. We speculate that this might be a marker for a combination of different variables (eg, environmental pollutants, health care-related behaviors) which might increase the risk for respiratory rehospitalization.
The strengths of this study include the relatively large sample of ELBW infants recruited from multiple sites and prospective data-collection by trained ob- 
FIGURE 2
CART model for rehospitalizations that resulted from respiratory causes in the first year. In each node (rectangle), the category "0" or "1" refers to the absence or presence of respiratory rehospitalization, respectively, and the percentages and n values refer to the infants in each of the categories.
servers. In addition, the scoring systems and CART models use relatively well-defined variables that are easy to collect and do not use arbitrary thresholds. The variables contribute to the conclusions on the basis of their actual predictive power (eg, the scoring system uses variables weighted in accordance with their independent contribution, and the CART model has the variables most closely associated with the outcome at the top of the tree, and the optimal thresholds are determined for each variable in the model).
The model structures are evident, and they are simple to use.
One limitation of this study is that it sacrifices some improvement in predictive ability for generalizability. The models are not highly accurate, probably because variables such as center or geographic region that account for some of the variation in rehospitalization were not evaluated. Center differences in rates of BPD and BPD/death are well known, and it is possible that the magnitude of variation in respiratory sequelae after discharge might also vary among centers; evaluation of such center variation was beyond the scope of this study. However, the rates of rehospitalization in our study are roughly comparable to those from previous studies in the NICHD NRN, 21 as well as from other studies in the United States 4 and other developed countries. 3, 22 The decision to admit an infant to the hospital is a physician decision, and although current practice is the use of best clinical judgment, variations in the criteria or thresholds for readmission might also vary across centers and even within centers by physician. A method that can be easily applied in the routine clinical setting should involve clinical data that are already available or data that can be easily obtained in most hospitals. This rules out lung function and polysomnography analyses, genomic/proteomic/metabolomic markers, and other sophisticated methods that might improve the ability to predict adverse outcome but are too expensive, difficult to do, labor intensive, or simply not available at most hospitals. However, predictive ability is usually good even when clinical variables are used alone. 23 One potential limitation of this study is that participating centers are academic centers with a referral base and patient population distinct from smaller nonacademic centers. The differences in patient populations (and their associated characteristics such as insurance status) and clinical care practices make it difficult to extrapolate models to centers outside the NRN or in other countries. This issue can be overcome by evaluating these models in other centers or by development of region-specific models using similar methods. In addition, the completeness and accuracy of the rehospitalization data, as well as with the history of diuretics and bronchodilators, is not known because these data were collected by using patient history and not prospectively. A weakness of our study is the lack of complete follow-up and a substantial proportion of infants missing data for certain variables. However, these limitations are associated with most similar studies, and prospective data collection from office and clinic visits and a careful review of hospital records from rehospitalizations would be required to overcome these limitations.
CONCLUSIONS
The scoring systems and CART models enabled the identification of ELBW infants who are at higher risk of rehospitalization during infancy. These models might indicate the need for additional vigilance in care strategies after discharge such as respiratory syncytial virus immunoprophylaxis, day care infection control, and more frequent primary care visits. Further detailed analysis of rehospitalization data collected prospectively might yield additional insights into underlying reasons for the rehospitalization and possible preventive strategies.
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